Abstract-In the spatial dimension, the variation of the wind speed along the overhead transmission line makes the conductor temperature and line parameter show a nonuniform distribution characteristic, which has an important influence on the operating status of the system. In order to describe the actual situation more accurately, a line division model based on the wind speed variation along the line is proposed. This paper proves the application value of the model by using a typical 4-bus system. From the two aspects of the power flow and maximum power transmission capacity, we contrast the line division model with the traditional models, indicating that the division model is closer to the actual situation of the system.
INTRODUCTION
The meteorological conditions along the overhead transmission line are important factors affecting the operating status of the line. However, the traditional static thermal rating uses conservative meteorological data to determine the operating limits of the line [1] . For example, wind speed is designed to be 0.5 m/s, and ambient temperature is designed to be 40 • C. Some studies have been improved by presenting seasonal static thermal rating [2] . The calculation result is also very different from the actual situation. Dynamic thermal rating takes into account the real-time changes in meteorological conditions [3, 4] , and to a certain extent, the accuracy of the calculation result is improved. However, the changes of the line in the spatial dimension are usually not taken into account. The model still uses a single lumped parameter, and its result is still different from the actual situation, especially for long-distance transmission lines.
Due to the complexity of geographical location where the transmission lines pass through, meteorological conditions, such as wind speed, temperature, effectively vary with the line location. For example, the wind speed varies greatly along the transmission line of the mountain outlet and the transmission line of southern coastal area where typhoons often occur [5, 6] . The conductor temperature is affected by the meteorological conditions, and the line parameters show a nonuniform distribution characteristic [7] .
The wind is one of the meteorological conditions, mainly acting on the conductor convected-heat loss [8] . Wind speed is the main factor affecting the operation status of the transmission line [9] , and an in-depth study of wind speed on the system is necessary.
According to the changes of wind speed along the transmission line, this paper uses three kinds of wind speed models. The average model and the weighted average model adopt the traditional mathematical method to establish a single lumped parameter model of the transmission line [10] . Using these two models, the accuracy of the results is improved, but it still has a certain gap from the actual situation. At present, for the analysis of the spatial dimension of overhead transmission lines, some papers have begun to apply the nonuniform distribution parameter model to solve the problem. In [11] , the transmission line is divided into segments of equal length. In [7] and [10] , the transmission line is divided by the division model based on ambient temperature. On the basis of these studies, this paper proposes a line division model based on the wind speed along the line, dividing the line into multiple segments. According to different locations of the weather data, we determine the wind speed of each segment, and then the accurate conductor temperature and line parameters are obtained for each segment.
In order to verify the accuracy of the line division model based on the wind speed, this paper presents a 4-bus test system to find the operation data of the system under normal weather conditions and extreme weather conditions. In addition, we analyze the system power flow and the maximum power transmission capacity through a 4-bus test system. Section 2 describes the relationship among wind speed, conductor temperature and line parameters. In Section 3, three models are proposed for the wind speed change along the line. In Section 4, we propose a 4-bus test system and make a detailed comparison of the results of the three models. Section 5 summarizes the paper and makes a brief explanation of the future research.
BACKGROUND
This section discusses the relationship among wind speed, conductor temperature and line parameters. Firstly, the influence of conductor temperature on the line parameters is discussed. Then, the influence of the wind speed on the conductor temperature is discussed. Finally, the mechanism of the wind speed on the overhead transmission line is determined.
Relationship between Conductor Temperature and Line Parameters
Overhead transmission lines have four main parameters: series resistance r, series reactance x L , shunt susceptance b and shunt conductance g. These parameters mainly depend on the characteristics of the conductor material, the surrounding electric fields and magnetic fields, and the geographical location of the transmission line [12] .
The resistance and reactance are linear functions of the conductor temperature, as shown in Eqs.
(1) and (2):
where T 0 is the reference temperature (it is usually 20 • C in the power system), T c the conductor temperature, and α and β are the temperature coefficients of resistance and conductance, respectively, depending on the physical properties of the conductor. Line shunt susceptance is usually considered constant, because the effect of temperature changes on line charging is usually negligible, without considering external environmental conditions, such as humidity. In addition, since the actual line operating voltage is lower than the corona critical voltage, it can be assumed that no corona occurs, so the shunt conductance is often taken as zero.
Through the above analysis, the influence of conductor temperature on the line parameters is mainly reflected in the change of resistance and reactance.
Relationship between Wind Speed and Conductor Temperature
Under steady-state conditions, the heat balance equation for the conductor is expressed as:
where q c is the convected heat loss, q r the radiated heat loss, I the current through the transmission line, r the resistance at the corresponding conductor temperature, and q s the solar heat loss. In the CIGRE standard, convected heat loss q c can be further expressed as:
where T a is the ambient temperature, λ f the thermal conductivity of the air, D the conductor diameter, ρ f the air density, μ f the air viscosity coefficient, and v w the wind speed. Under conditions of constant ambient temperature T a , because λ f and μ f are functions of conductor temperature T c , q c can be seen as a function of conductor temperature T c and wind speed v w .
In the line actual operation, with the increase in wind speed, the conductor temperature will drop, so the line impedance also decreases, thus it will affect the system power flow and the line maximum power transmission capacity.
MODELS COMBINED WITH WIND SPEED
This section describes three models for handling wind speed variations along overhead transmission lines. All wind speed information is based on the measurement devices installed along the transmission line, or the nearby weather stations. Model 1 and model 2 treat the line as a single lumped parameters model. The model 3 is the most appropriate description of the actual situation, and it is the focus of this paper. The model 3 divides the line into multi-segments lumped parameters. Please note that, in the limit, the line parameters show the nonuniform distribution characteristics.
Average Model
In this model, for the wind speed changes in the transmission line, taking the average wind speed value v avg at the beginning and end of the line, to approximate the entire line, v avg can be determined by the following formula:
where v beg is the wind speed at the beginning of the line, and v end is the wind speed at the end of the line.
Weighted Average Model
For wind speed changes in the transmission lines, we use the weighted average v wavg to represent the entire line, and the weighted average method is based on the wind speed measurement points along the line to determine:
where N is the total number of wind speed measurement points; i is the wind speed measurement point (i = 1 . . . N) on the line; v i is the wind speed value at the measurement point i; Δx i,i+1 is the the line length between the measurement point i and its next measurement point i + 1; l is the total length of the line.
Line Division Model Based on Wind Speed
This study assumes that other weather parameters (such as ambient temperature, wind angle, sunshine) along the line are constants. In this paper, a wind speed-based line division model is proposed. The model diagram is as follows.
In Figure 1 , k is the segment number, K the total number of segments, v k the wind speed for segment k, d k the length of segment k, Z k the series impedance for segment k, and Y k the shunt admittance for segment k. V 1 and V 2 are the beginning and end voltages of the line. I 1 and I 2 are the beginning and end currents of the line.
The factors that affect the impedance of each segment are length and wind speed, and the only factor affecting the admittance is the length, which is obtained by setting the appropriate threshold wind speed Δv. The more the total number of segments K is, the higher the accuracy of the model is, but taking into account the problem of system size minimization [13] , we should choose the number of compromise segments. Wind speed of segment
The remaining part of the line is the last segment.
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Figure 2. Division model algorithm ow chart.
The algorithm used in the line division model consists of three steps. First, the wind speed distribution is obtained. Secondly, the division is carried out according to the wind speed threshold. Finally, the relevant parameters are obtained for each segment after division. The whole division process is shown in Figure 2 , and detailed steps are described below.
Step 1): Get the Wind Speed Distribution
It is assumed that the wind speed changes linearly between any two measurement points along the transmission line, and the wind speed distribution can be determined by each measurement point. Taking into account the actual line, there may be no measuring device at the beginning and end of the line. So we generally consider that the first and last measurement points are outside the beginning and end of the line. The discrete wind speed data can be approximated to obtain a continuous type function. The independent variable of the function is the line distance x and the outcome variable is the wind speed v along the line. Figure 3 shows a typical example. The line has four measurement points. The wind speed shows a linear change between each two adjacent measurement points, and the first and last measurement points are outside the beginning and end of line. From above, we get a continuous function v(x) of distance x.
In particular, the wind speed values at the beginning and end of the line are determined according to the following formula:
where v m and v n are the measured wind speed values at both terminals of the points to be measured. x m and x n are the position at both terminals of the points to be measured. Respectively, substitute x b and x e to get the wind speed v b and v e of line both terminals. 
Step 2): Divide the Wind Speed Along the Line
After obtaining the complete wind speed function, we need to set a wind speed threshold Δv to divide the function. From the beginning of the line, towards the end of the line, when the wind speed change reaches the threshold Δv, set the division point. Take the beginning of the line as an example. At the wind speed reached v b + Δv, set the division point x 1 , and then starting with point x 1 , when the wind speed reaches v(x 1 ) + Δv, set the division point x 2 . In addition, when dropping along the line, the wind speed is used to subtract the threshold, and so on until the final division point is obtained, and the residual line wind speed change reaches the threshold value at the last segment. After division, the wind speed distribution is shown in Figure 4 .
Step 3): Find the Parameter Values for Each Segment
After the completion of the line division, the division point of the wind speed has been determined, and then we need to obtain the segmented wind speed after division. In this step, we use the weighted average method shown in formula (6) . It is worth noting that the data in this model are not limited to wind speed measurement points, and instead, it is based on the wind speed known points, including the measurement points, division points and both terminals of line. After obtaining the wind speed value of each division point, we can get the corresponding position x by taking formula (7), then the length of each segment can be determined by formula (8) :
where x k is the starting position and x k+1 the stop position. For each segment of the line, the wind speed v k , other meteorological parameters and current are taken into the heat balance Equation (3) and the power flow equation for iterative solution, and we can get the conductor temperature T ck . Series impedance Z k and shunt admittance Y k can be determined by conductor temperature T ck and length d k of each segment. Model 1 and model 2 are the traditional models. The calculation results are different from the actual situation to a certain degree. The accuracy of model 3 will be shown in the next section.
CASE STUDY
In order to illustrate the application value of the wind speed-dependent line division model proposed in this paper, a simple 4-bus system in various scenarios under different models is analyzed as follows. The purpose is to reveal the accuracy of the model, and the system structure is depicted in Figure 5 The lengths of branches 1-2 and 1-3 are both 150 km, and length of branch 2-3 is 200 km. We set the reference voltage at 220 kV, the reference capacity is 100 MVA. The system structure is shown below. We use a power-flow solver coded in Matlab to build the system, and analyze the system power flow and the maximum power transmission capacity.
Base Case -In order to further compare the accuracy of the three methods, we set the normal weather conditions as the base case and get the result from the system in the base case as the base value. In the power system, an ambient temperature of 40 • C and a wind speed of 0.5 m/s are usually assumed under the base case [7, 14] . The parameters of the line under the base case are shown in Table  2 .
High windy scenario -An ambient temperature of 40 • C and a wind speed of 0.5 m/s are assumed, and bus 3 is affected by the extreme weather, such as in a storm, its wind speed suddenly rising to 20 m/s. Affected by the weather, the wind speed shows a nonuniform distribution along branches 1-3 and 2-3. The overall system ambient temperature remains constant.
In order to simplify the problem, it is assumed that the wind speed measurement points are set at both terminals and the point of trisection of the branches 1-3 and 2-3. Measurement point position and measured wind speed are set as shown in Table 1 . x 1−3 and x 2−3 are the distance between the measurement points and the starting points (bus 1 and bus 2) in branches 1-3 and 2-3, respectively. Model 1 (average model) -branches 1-3 and 2-3 are affected by the storm. The wind speed is calculated by formula (5), and the average value is 10.25 m/s. Then the wind speed distribution of branches 1-3 and 2-3 is represented by a single meteorological value.
Model 2 (weighted average model) -similar to model 1, the weighted average wind speed of lines 1-3 and 2-3 is 16.92 m/s, calculated by formula (6) in this model.
Model 3 (line division model based on wind speed) -considering the accuracy of the model and the system size minimization constraint, we set the wind speed threshold Δv to 5 m/s. Branch 1-3 is divided into five segments: 1-5, 5-6, 6-7, 7-8 and 8-3, and branch 2-3 is divided into five segments: 2-9, 9-10, 10-11, 11-12 and 12-3. There is a 12-bus system after completing the division.
We can get the wind speed values in the above three models. The conductor temperature can be obtained by the repeated solution of the heat balance equation under the CIGRE standard. The line parameters at the corresponding temperature can be obtained by formulas (1) and (2) . The detailed values are shown in Table 2 . 
System Power Flow Analysis
By establishing the system and analyzing the base case and the power flow of the three models, the results are shown in Table 3 . The results of each model and the base case are listed in Table 3 , including the active power P and voltage magnitude |V |, voltage phase angle θ. The percentage difference shown in Table 3 is calculated as Eq. (9), and its size reflects the degree of deviation from the base value.
From the active power part, we can see that the three models have the greatest degree of deviation in branch 2-3 with the base case, in which model 1 is 4.42%; model 2 is 4.75%; model 3 is 5.26%. Model 1 is the closest to the base value. The difference between model 3 and the base value is the largest, and model 2 is in the middle of them. Due to high wind speed design, model 3 is closest to the actual situation. Model 1 is least consistent with the actual situation, and model 2 is between the two. 
Maximum Power Transfer Capability
In order to test the maximum power transmission capacity of the system, we gradually increase the load on bus 3. However, we need to ensure that the ratio of active and reactive loads of bus 3 remains constant. The loads of the other nodes remain constant, and the load increment is distributed proportionally to the outputs of the generators. The voltage magnitude of bus 3 will change with the increase of the active load. The change in voltage magnitude with the active load of bus 3 is described in Figure 6 , which includes the results of the three models and the base case. The detailed maximum active power values P max are listed in Table 4 . The maximum power of the base case is 407 MW. The maximum power of model 1 is 432.4 MW, which is 6.24% from that of the base value. The maximum power of model 2 is 434.3 MW, which is 6.73% from that of the base value. The maximum power obtained by model 3 is 435.9 MW, which is 7.1% from that of the base value. This is in line with expectations. Model 3 is closest to the actual scenario, with the largest difference between the base values. Model 1 is the most different from the actual scenario and is closest to the reference value. Model 2 is between the two. 
CONCLUSION AND FUTURE VISION
In the spatial dimension, the wind speed has an important effect on the overhead transmission lines, especially for long-distance transmission lines passing through extreme weather. If the transmission line is set to a single lumped parameter model, the power flow and maximum power transmission capacity are very different from the actual situation. Especially in the high windy area, transmission capacity can be greatly improved. Therefore, it is important to consider the change of wind speed in the spatial dimension to extract the transmission potential of the existing overhead transmission lines. With regard to the change of wind speed along the overhead transmission line, this paper proposes a line division model based on wind speed. The lines are divided into multiple lumped parameter segments, based on the measurement points. Compared with the average model and the weighted average model, the results obtained by the line division model are closer to the actual value. In the actual grid scheduling, the relevant departments can make more accurate judgments. In the premise of ensuring the safe operation of the grid, we can improve the power transmission capacity to the greatest extent possible.
The following research will take into account the comprehensive meteorological conditions, such as ambient temperature, wind speed, along the overhead transmission lines. The effects of meteorological conditions on the running status of the line will be studied, including the system power flow and maximum power transmission capacity.
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